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     Honeycomb structures are widely used in many areas for their material 
characteristics such as high strength-to-weight ratio, stiffness-to-weight, sound 
transmission, and other properties. Honeycomb structures are generally constructed 
from periodically spaced tessellations of unit cells. It can be shown that the effective 
stiffness and mass properties of honeycomb are controlled by the local geometry and 
wall thickness of the particular unit cells used. Of particular interest are regular 
hexagonal (6-sided) honeycomb unit cell geometries which exhibit positive effective 
Poisson’s ratio, and modified 6-sided auxetic honeycomb unit cells with Poisson’s 
ratio which is effectively negative; a property not found in natural materials. One 
important honeycomb meta-structure is sandwich composites designed with a 
honeycomb core bonded between two panel layers. By changing the geometry of the 
repetitive unit cell, and overall depth and material properties of the honeycomb core, 
sandwich panels with different vibration and acoustic properties can be designed to 
shift resonant frequencies and improve intensity and Sound Transmission Loss (STL).  
     In the present work, a honeycomb finite element model based on beam 
elements is programmed in MATLAB and verified with the commercial finite element 
software ABAQUS for frequency extraction and direct frequency response analysis. 
The MATLAB program was used to study the vibration and acoustic properties of 
different kinds of honeycomb sandwich panels undergoing in-plane loading with 
different incident pressure wave angles and frequency. Results for the root mean 
square intensity RMSI  based on normal velocity on the transmitted side of the panel 
measure vibration magnitude are reported for frequencies between 1 and 1000 Hz. 
The relationship between the sound transmission loss computed with ABAQUS and 
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the inverse of the intensity of surface velocity is established. In the present work it is 
demonstrated that the general trend between the STL pressure response and the 
inverted intensity metric have similar response characteristics over both the stiffness 
frequency region and the resonance frequency region, showing that an increase in 
RMSI  corresponds to a decrease in STL. The ABAQUS model was used to verify the 
MATLAB program for natural frequencies and mode shapes, and to compute the STL 
on the top surface of the honeycomb sandwich structure. Resonant peaks in the 
frequency response of intensity and STL are identified with natural frequencies and 
mode shapes of the honeycomb sandwich structure.    
     A unique feature of this research is the ability to apply the time-harmonic 
acoustic pressure as a load on the transmitting surface of the honeycomb sandwich 
panel with variable incident angle ranging between 0  to 90  . When the incident angle 
is nonzero, the pressure load is complex valued, with sinusoidal distribution, and 
frequency dependent. The finite element implementation of the complex-valued 
variable incident pressure distribution is programmed in MATLAB to give complete 
control of the angle, frequency and distribution. Commercial finite element software 
such as ABAQUS has limited ability to directly apply frequency dependent and 
distributed real and imaginary pressure distributions in a direct steady state frequency 
analysis over a large number of frequency evaluations.   
     In the present work, RMSI  results for a family of honeycomb sandwich panels 
with systematic increment in internal cell wall angle, subject to incremental changes 
in incident angle pressure loads are studied and compared. Results show that for 
honeycomb sandwich panels with positive internal cell wall angle, on average, 
intensity for the nonzero incident angles is higher than the 0  normal incident angle. 
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For the honeycomb sandwich panels with positive internal angle, the intensity 
consistently increases with larger nonzero incident angles. Furthermore, under the 
same incident angle pressure load, the intensity of honeycomb panel with positive 
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CHAPTER 1: INTRODUCTION 
1.1   Honeycomb Structure 
     Honeycomb structures are widely used in many areas for their material 
characteristics such as high strength-to-weight ratio [1], stiffness, dynamic, and other 
properties. Honeycomb structures are constructed from periodically spaced unit cells. 
The effective stiffness properties of honeycomb are controlled by the local geometry 
and wall thickness of the unit cells. Of particular interest are regular hexagonal 
(6-sided) honeycomb unit cell geometries with positive effective Poisson’s ratio, and 
modified 6-sided auxetic honeycomb unit cells with Poisson’s ratio which is 
effectively negative; a property not found in natural materials. Regular honeycombs 
use a hexagonal tessellation to divide a surface into regions of equal area with the 
least total perimeter. Tessellation is the process of creating a two-dimensional plane 
using the repetition of a geometric shape with no overlaps and no gaps.  
     Honeycomb structures are made by many different materials, such as aluminum 
or polymers depending on the usage and characteristic requirements. Applications in 
the engineering field include the automotive and aerospace industries. Examples 
include the Koenigsegg Agera sports car which has its chassis made of carbon fiber 
with an aluminum honeycomb structure for optimal weight distribution and safety [2].  
Another example is the Mars Exploration Rover which has an aero-shell cover with a 
layer of phenolic honeycomb which can better dissipate heat generated by 
atmospheric friction [3]. Honeycomb structures can also be designed to improve 
damping properties for use in noise control and sound transmission applications [1, 
22]. 
     One important kind of honeycomb structure is sandwich structured composites 
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with honeycomb core [1]. Figure 1.1 shows an illustration of a honeycomb sandwich 
panel structure used in this research. The two thin plates on the top and the bottom are 
the top face sheet and bottom face sheet. The honeycomb between the two plates is 
the core for the sandwich structure. In this research, in-plane pressure loading on the 
bottom face sheet is considered, causing bending and shear of the structure. The 




Figure 1.1: Honeycomb sandwich beam 
 
1.2   Acoustic Finite Element Model 
     To study the acoustic and vibration properties of the honeycomb sandwich 
panel, the structure is installed between two rigid baffles, with its two ends supported 
by pin joints, similar to the model in [17, 18]. The region above the honeycomb 
sandwich panel is modeled as an air domain with acoustic elements. To allow for 
outgoing acoustic wave radiation resulting from the vibrating honeycomb sandwich 
structure, a non-reflecting semi-circular area is introduced at a finite radius from the 
center of the finite element model. Figure 1.2 shows the honeycomb panel with a 
pressure wave applied on the bottom surface. This pressure wave represents a 
time-harmonic plane-acoustic wave. In this work, the magnitude, frequency, and 
direction of the acoustic pressure wave are varied. This allows for the study of 
influence of incident angle, and frequency, on the acoustic properties of honeycomb 
Top Face Sheet 







Figure 1.2: Acoustic model 
 
1.3   Previous Work 
     Since the hexagonal comb of the honey bee was first discovered, its stiffness 
and lightweight properties have motivated designers to mimic the honeycomb for 
structural applications. In 1915, Hugo Junkers [1] first explored the idea of a 
honeycomb core within a laminate structure and patented the first honeycomb cores 
for aircraft application. Since this first patent, a large number of research and 
applications of the honeycomb structure have been developed over the years. 
     Kurtze and Watters [4] were some of the earliest to research the sound 
transmission loss of sandwich plates. They assumed the mass per unit area of the 
structure, dynamic bending stiffness and loss tangent of the material were the 
foremost factors of sound transmission loss of sandwich plates. Experimental results 
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verified their theoretical predictions. Ford et al. [5] paid particular attention to an 
undesirable resonance which was caused by dilatational motions of sandwich panels. 
They first used numerical methods to predict the sound transmission loss of three 
panels with different core stiffness. Smolenski and Krokosky [6] improved Ford’s 
energy expressions by including relative displacements. This model has been 
continually researched by many researchers to make improvements [7, 8, 9]. 
     Moore and Lyon [10] were the first to study the sound transmission loss of 
symmetric panel configurations with orthotropic core materials, using both analytical 
methods and experimental validations. Other studies of sound transmission loss for 
sandwich panels with anisotropic cores have also been investigated [11, 12].   
     Scarpa and Tomlinson [13] studied the vibration characteristics of both regular 
hexagonal honeycomb cells and re-entrant auxetic honeycomb cells with in-plane 
negative Poisson’s ratio values. Ruzzene [14] later used “spectral” finite element 
methods to study the effects of core geometry on structural response and acoustic 
radiation. This method allows an accurate evaluation of the acoustic properties of 
honeycomb structures at high frequencies and with a limited number of elements. In 
2007, Denli and Sun [15] presented an optimization study of a cellular truss-core of 
sandwich structures to minimize the radiated sound power in a given frequency range. 
Francesco Franco et al. [16] have also presented a similar study.  
     With the development of commercial finite element software such as ABAQUS 
and ANSYS, the vibration and acoustic properties of honeycomb sandwich panels can 
be efficiently and accurately studied. To research the in-plane behavior of honeycomb 
sandwich panels with different geometric core properties, Griese [17] introduced a 
two-dimensional finite element honeycomb model in ABAQUS in which its geometry 
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and material properties can be easily changed. This model was used to simulate the 
sound transmission loss of different honeycomb cell geometries with constraints of 
constant mass, and for constant shear modulus, with varying core geometry. 
Suggestions were also made for a formalized method for designing honeycomb 
sandwich panels for acoustic applications. 
     Gong [18] wrote a finite element program in MATLAB to automatically 
generate honeycomb tessellations with different unit cell geometries and with any 
specified number of repetitive unit cells in both longitudinal and lateral directions. 
Beam structure displacement kinematics was used with the finite element method to 
formulate element stiffness and mass matrices. Transformation matrices were used to 
rotate the local element coordinate frames to a common fixed frame for assembly of 
the honeycomb structures. The program provides a mechanism for the user to specify 
the desired number of element subdivisions across honeycomb cell walls for accurate 
results. This program was used to study the vibration and acoustic properties of 
different kinds of honeycomb sandwich panels undergoing in-plane loading.  
     Results for both sound transmission loss, and the intensity of root mean square 
velocity on the transmitted side of the panel was reported. An ABAQUS model was 
used to verify the MATLAB program for natural frequencies, and to compute the 
acoustic field above the honeycomb sandwich structure. 
     In the previous works [14,17,18], the incident pressure wave loading was 
restricted to the normal direction to the bottom panel of the honeycomb structure 
corresponding to an 0ϕ =  angle as shown in Figure 1.2. It has not been fully 
explored how the honeycomb structure can generate different acoustic responses 
under different incident angle pressure loads. The effects of different incident pressure 
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angle are important for sound transmission design [14]. Commercial finite element 
software such as ABAQUS has limited ability to directly apply frequency dependent 
and distributed pressure distributions in a direct steady state frequency analysis over a 
large number of frequency evaluations.   
     In the work of [14] and [18], the intensity of the vibration amplitude on the 
transmitted side of the honeycomb sandwich structure was computed based on the 
integration of the velocity field with spectral beam and finite element beam shape 
functions, respectively. While providing a continuous measure of intensity distribution 
across the top panel, this measure did not allow a direct comparison and verification 
with ABAQUS which does not have the ability to integrate intensity across elements. 
In the present work, a discrete root mean square intensity calculation is implemented 
in a MATLAB finite element program for direct comparison and validation with 
ABAQUS results.  
 
1.4   Thesis Objectives 
     The primary objectives of this thesis are: 
1. Implement pressure load with variable incident angle in a finite element 
program written in MATLAB.  
2. Study the vibration and acoustic properties of different honeycomb 
sandwich beam structures under different incident pressure load angles and frequency.  
Of particular interest are comparisons between different regular and auxetic 
honeycomb structures.  
3. Verify frequency, mode shapes, and intensity results at 0 incident angle 
computed from the MATLAB finite element program developed compared with a 
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finite element model created using ABAQUS commercial finite element software.  
4. Based on the finite element results, make suggestions for design of 
honeycomb sandwich beams undergoing in-plane loading from different incident 
pressure angles, with performance metrics of surface intensity and sound transmission 
characteristics.  
5. Study the relationship between Sound Transmission Loss (STL) 
computed from acoustic pressure data on the top surface of the structure and the 
inversion of the intensity computed from the normal velocity on the top panel of the 
honeycomb sandwich structure.    
 
1.5   Thesis Outline 

































Figure 1.3: Flowchart of thesis 
 
     Chapter 1 introduces the background of honeycomb structure and its 
applications in engineering. A brief introduction of the structural-acoustic finite 
Chapter 1: Introduction 
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element model is then given. Previous research on modeling vibration and acoustic 
properties of honeycomb structures are reviewed. This chapter concludes with the 
objectives of the thesis.    
     Chapter 2 introduces how to control the geometric and effective material 
properties for honeycomb sandwich panels. The detailed geometry and material 
properties for different honeycomb structures are given. Later study of vibration and 
acoustic properties of different kinds of honeycomb sandwich panels are all based on 
this chapter. 
     Chapter 3 and Chapter 4 describe the modeling process of honeycomb finite 
element models in both ABAQUS and MATLAB, respectively. Sufficient detail is 
given to the modeling procedures such that other researchers can duplicate.  
     Chapter 5 gives the first 10 computed natural frequencies for honeycomb 
sandwich panels with different unit cell geometries. Comparisons are made with the 
MATLAB program and ABAQUS. Mode shapes of honeycomb sandwich panel at 
natural frequencies are also shown and discussed. 
     Chapter 6 gives the mathematical equation for the pressure load on the bottom 
surface of the honeycomb structure at different incident angles. The formulation of 
element forces and moments due to the harmonic, frequency dependent pressure 
distribution is given including programming details implemented in MATLAB. The 
pressure loads at different incident angle along the longitudinal direction are plotted to 
give a visual understanding of the type of acoustic pressure load applied on the 
bottom face. The relationship between frequency and the component of wavelength 
along the longitudinal direction is discussed using these plots. In Section 6.5, the 
magnitudes of the complex-valued displacements on the top surface of different 
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honeycomb beams are shown at frequencies corresponding to natural frequencies. In 
Section 6.6, the beam shapes of different honeycomb sandwich panels at natural 
frequencies are shown. Section 6.7 gives the root-mean-square intensity RMSI of 
different kinds of honeycomb sandwich panels at different incident angle pressure 
loads. Section 6.8 compares the average RMSI  over the different nonzero incident 
angles with the result at zero incident angle. The areas under the RMSI  curves are 
used to quantify the total intensity over the frequency range 1 to 1000 Hz in Section 
6.9.   
     Chapter 7 first compares the RMSI  results in MATLAB with results in 
ABAQUS. RMSI  results based on a discrete root mean square velocity are also 
compared with the intensity computed using an alternative integral form of root mean 
square velocity. Comparisons of RMSI  results with Sound Transmission Loss (STL) 
results are also made, with discussion of their common properties. 












CHAPTER 2: GEOMETRIC AND MATERIAL PROPERTIES OF 
HONEYCOMB SANDWICH PANELS 
2.1   Geometric Properties of Honeycomb Sandwich Panels 
     Loading for honeycomb cores can be basically divided into two types, in-plane 
and out-of-plane. Figure 2.1 shows honeycomb structures designed for in-plane and 
out-of-plane loading. Honeycombs loaded in-plane is relatively flexible when 
compared to out-of-plane loading. Honeycombs designed for out-of-plane loading are 
much stiffer and are not as sensitive to changes in cell geometry. For in-plane loading, 
changes in honeycomb unit cell geometry have a large effect on the in-plane effective 
longitudinal and shear modulus properties. In the present work, the vibration and 
sound transmission loss of honeycombs with in-plane loading are studied using finite 
element analysis.  
     
      In-plane loading                         Out-of-plane loading 
Figure 2.1: In-plane and out-of-plane loading 
 
     The honeycomb sandwich panel consists of three parts, two face sheets and a 
honeycomb core as shown in Figure 2.2. The honeycomb core is generated from 
repeating, and non-overlapping periodic unit cells. Two orientations of unit cells are 
considered. In orientation I, the cells are aligned as shown in Figure 2.2, while in 
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Figure 2.2: Honeycomb sandwich panel of orientationⅠ 
 
     The honeycomb core in transverse direction which is called the orientation Ⅱ 
is shown in Figure 2.3.  
 
Figure 2.3: Honeycomb sandwich panel of orientationⅡ 
 
     As shown in Figure 2.2, the length for the plate being studied is L=2 m and the 
height between two face sheets is H=86.6 mm. The thicknesses of both the top face 
sheet and the bottom face sheet are 2.5 mm. Though the overall size of the plate is 
fixed, the geometry and number of unit cells inside honeycomb cores can be changed 
in many ways. This is a significant advantage of structures designed with honeycomb 
and other cellular materials. The effective stiffness and mass properties can be 
changed for desired properties without changing the overall dimensions of the 
structure or material properties.  
     Figure 2.4 shows the geometric structures of two different honeycomb unit cells 
which form the basis for the present studies. In Figure 2.4, t is the thickness of 
honeycomb cell walls. For a honeycomb panel, the unit cells are repeated and have 
Top Face Sheet 











the same geometric structure. Given the required total length L, and the number of 
cells in the longitudinal direction m and the number of cells in the transverse direction 
n, then the dimensions of the unit cell xL  and yL can be calculated: 
                                x
LL
m
=                            (2.1) 
                                y
LL
n
=                            (2.2) 
     From the geometric relations shown in Figure 2.4, for any honeycomb structure 
with an internal angle θ, the side lengths l and h can be calculated from: 




=                           (2.3) 
                            sin
2 2cos
y xL Lh θ
θ
= −                        (2.4) 
 
    






2.2   Effective Properties of Honeycomb Sandwich Panels 
     The effective (average) stiffness properties of the honeycomb core can be 
estimated from a beam bending analysis of a unit cell [18]. For in-plane loading, the 
relevant effective material parameters for honeycomb are the Young’s modulus in the 
longitudinal x, and transverse y directions, in-plane shear modulus and effective 
density. With changes of the geometric parameters of the unit cell, these effective 
elastic properties will also change. The effective properties based on predictive 
models are:  












 =      + 
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 +    =  
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   
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                      (2.8) 
     In the above, h, l, θ  and t are the geometric parameters of unit honeycomb cell 
shown in Figure 2.4, and E and ρ are the Young’s modulus and mass density for the 
material. In the present work, aluminum material properties are used.   
     In order to limit the number of analysis variables, the effective mass density is 
constrained to have the same value for all geometric parameters of the unit cells 
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studied. This is accomplished by adjusting the cell wall thickness. In this way, the 
effects of changes in geometric shape of the unit cells are controlled only by changes 
in effective stiffness properties.  
     In this research, two kinds of honeycomb structures with different cell numbers 
are mainly studied. One is the 40x1 structure which has 40 cells in the longitudinal 
direction and 1 cell in lateral direction, the other is an 80x2 structure which has 80 
cells in the longitudinal direction and 2 cells in the transverse direction. In this way, 
we can identify if the vibration and sound transmission behavior is significantly 
changed by the number of unit cells, even though the geometry of the unit cells are 
the same (just reduced scale).   











t   
(mm) 
*
12G   
(MPa) 
*
1E   
(MPa) 
*
2E   
(MPa) 




40x1 35.36 68.30 1.56 0.589 7.13 21.4 270 
-30° 
 
40x1 28.87 57.73 1.88 1.72 45.8 45.8 270 
-15° 
 
40x1 25.88 50.00 2.13 3.82 345 74.4 270 
0° 
 
40x1 25.00 43.30 2.32 7.43 99.5 99.5 270 
15° 
 
40x1 25.88 36.60 2.45 13.8 526 113 270 
30° 
 
40x1 28.87 28.87 2.50 27 108 108 270 
45° 
 
40x1 35.36 18.30 2.43 74.1 26.9 80.8 270 
      
     Table 2.1 shows the geometric and effective properties of 40x1 honeycomb 
structures. The models’ internal angles range from﹣45  to 45  with an increment of 
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15  . As discussed before, except for the effective mass density *,ρ  all the other 
properties change with changes in unit cell geometry. 













12G   
(MPa) 
*
1E   
(MPa) 
*






80x2 17.68 34.15 0.78 0.589 7.13 21.4 270 
-30° 
 
80x2 14.43 28.87 0.94 1.72 45.8 45.8 270 
-15° 
 
80x2 12.94 25.00 1.06 3.82 345 74.4 270 
0° 
 
80x2 12.50 21.65 1.16 7.43 99.5 99.5 270 
15° 
 
80x2 12.94 18.30 1.22 13.8 526 113 270 
30° 
 
80x2 14.43 14.43 1.25 27 108 108 270 
45° 
 
80x2 17.68 9.15 1.22 74.1 26.9 80.8 270 
 
     Table 2.2 shows the geometric and effective properties of the 80x2 honeycomb 
structures. The models’ internal angles range from﹣45  to 45  with an increment of 
15  . 
     Table 2.3 shows the geometric and effective properties of the orientation II 
40x3 honeycomb structures. The models’ internal angles range from﹣45  to 45  with 



















12G   
(MPa) 
*
1E   
(MPa) 
*






40x3 20.41 39.43 0.9 0.589 7.13 21.4 270 
-30° 
 
40x3 16.67 33.33 1.08 1.72 45.8 45.8 270 
-15° 
 
40x3 14.94 28.87 1.23 3.82 345 74.4 270 
0° 
 
40x3 14.43 25.00 1.34 7.43 --- 99.5 270 
15° 
 
40x3 14.94 21.13 1.41 13.8 526 113 270 
30° 
 
40x3 16.67 16.67 1.44 27.0 108 108 270 
45° 
 














CHAPTER 3: ABAQUS FINITE ELEMENT MODEL 
     To research the acoustic properties of honeycomb sandwich panels, a finite 
element analysis (FEA) model is built with the commercial finite element analysis 
software ABAQUS 6.10. This model will be used to extract natural frequencies and 
mode shapes and intensity of surface velocity for uniform normal time-harmonic 
loading for validation with the self-written MATLAB finite element program. The 
ABAQUS model will also be used to compute sound transmission loss to investigate 
relationships with intensity results.   
     As shown in Figure 3.1, the ABAQUS model developed in this research has 
two parts, (i) the honeycomb sandwich panel and, (ii) the air domain, which are 
connected to each other. A time-harmonic uniformly distributed pressure load is 
applied on the bottom face sheet for direct frequency response analysis. As discussed 
earlier, the ABAQUS and other commercial finite element software do not provide a 
direct method for applying incident pressure loads at different angles in a direct 
steady state frequency analysis over a large number of frequency evaluations. In 
ABAQUS, loads of this type theoretically can be implemented indirectly using a user 
load subroutine written in Fortran 77, and linked to the main binary files of the source 
code. However, this indirect method requires a specific compatible compiler and 
requires extensive coding and validation. As discussed in the thesis objectives, in 
Chapter 4, incident time-harmonic pressure loads are implemented in MATLAB in 
order to have complete control of all source code.  
     The process of building the ABAQUS structural-acoustic model and data 
collection is discussed in detail. Since the geometry changes only in the x-y plane, a 




Figure 3.1: FEA model in ABAQUS 
 
3.1   Creating Parts 
     The structural-acoustic model is assembled by coupling two parts, the 
honeycomb sandwich panel, and a semicircular acoustic region.   
     3.1.1  Honeycomb Sandwich Panel 
     To build the honeycomb sandwich panel, a 2D planar deformable wire part is 
selected as shown in Figure 3.2. 
 
Figure 3.2: Part creation for honeycomb sandwich panel 





     The sketch of the honeycomb sandwich panel geometry is made by drawing a 
unit cell and shifting copies. The honeycomb panel is assigned the material of 
aluminum and the properties of this material are shown in Table 3.1. 
Table 3.1: Material properties of aluminum for honeycomb panel 
Mass Density (Kg/m3) Young’s Modulus (GPa) Poisson’s Ratio 
2700 71.9 0.3 
 
     The honeycomb sandwich panel is assigned a rectangular beam section as 
shown in Figure 3.3. The “a” is the out-of-plane length, set to a unit value for 2D 
analysis, and “b” is the thickness of honeycomb cell walls. The reference cell wall 
thickness used for regular honeycomb is b = 2.5 mm = 0.0025 m. As discussed earlier, 
the thickness is changed for other unit cell geometries to maintain the same mass.  
     
   Figure 3.3: Profile for beam section 
 
     3.1.2  Air Domain Part 
     For the air domain part, a semi-circular domain is modeled to simulate the air 
above the top face sheet. The part is created with the 2D planar deformable shell part 
selection in ABAQUS. The section assigned to the air domain part is a solid, 
homogenous one with plane ‘stress/strain’ thickness set to a unit value. ABAQUS 
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treats plane ‘stress/strain’ for acoustic analysis with sound pressure dependents only 
on planar variables. Table 3.2 shows the material and acoustic properties assigned to 
this part. The speed of sound in air is / 141179 /1.2 343m/sc K ρ= = = . 
Table 3.2: Material/acoustic properties of air domain part 




3.2   Finite Element Mesh 
     For the honeycomb sandwich model, B-23 is chosen as the element type. The 
“B” denotes beam element, while the next character “2” stands for two-dimensional 
beams and the last character “3” indicates a cubic interpolation [19]. From previous 
works [18, 19], at least four elements are used for the smallest edge to ensure accurate 
solutions for the frequency range up to 1000 Hz. 
     For the air domain, a 3-node triangle AC2D3 element type is used. The “A” 
denotes acoustic element, while the “C2D” means continuum based 2D analysis, and 
the final 3 means the 3-node linear interpolation. In order to create an efficient 
acoustic element mesh, the element size is varied. A large number of elements are 
used in the near-field adjacent to the coupled elastic honeycomb structure, while 
fewer elements are used in the far-field where the pressure gradients do not change as 
rapidly. For the part which directly contacts with top face sheet, the seed size is 0.012. 
Then the seed size gradually increases from this part to the edge, which reaches 0.08 




Figure 3.4: Mesh of the air domain 
 
3.3   Boundary Conditions and Loads 
     The left side and right side of sandwich panel are assumed to connect to a rigid 
baffle, so the displacements of the nodes on the two sides are set to zero in both x and 
y directions; see Figure 3.5. The load for the steady-state analysis is a distributed unit 
pressure of 1 Pa, on the bottom face sheet to simulate the incident sound wave normal 
to the honeycomb plate. As discussed earlier, for the ABAQUS model, since it is not 
standard to apply a various incident angle pressure, the incident angle is set to 0  . 
There is no load for the natural frequency analysis. 
 
 
     Figure 3.5: Boundary conditions and load 
 
3.4   Constraints and Interactions 
     A tie constraint is applied to couple the top face sheet of honeycomb panel with 
the air domain part. In the tie constraint, both master surface and a slave surface are 
assigned. The master surface is usually the stiffer one, so the top face sheet of the 
sandwich structure is the master surface and the bottom surface of the air domain is 
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Figure 3.6: Tie constraint used to couple elastic structure to acoustic domain 
 
     To simulate an unbounded air domain, the top circular boundary of the acoustic 
region must be non-reflecting. To enforce this condition, an interaction is defined as 
shown in Figure 3.7. 
 
Figure 3.7: Interaction for circular boundary of air domain 
 
3.5   Natural Frequency Extraction Procedure 
     The natural frequency extraction procedure can generate the natural frequencies 
Slave Surface (Purple line): Bottom Face of Air Domain 
Master Surface (Red line): Top Face Sheet of Honeycomb Panel 
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and corresponding mode shapes in a specific frequency range for each structure.   
Since the bulk modulus properties of air are small relative to the stiffness of the 
elastic honeycomb structure, the model assumes that the influence of the air on the 
natural frequencies of the honeycomb structure is negligible. As a result, only the 
honeycomb sandwich panel is used for frequency extraction analysis and there is no 
load for the panel. There are two steps for the natural frequency extraction procedure: 
1. Initial step: default first step; 
2. Linear perturbation, frequency step: using Lanczos eigensolver to extract 
natural frequencies. 
     The frequency range of interest in this research is 1-1000 Hz. 
 
3.6   Steady State Dynamics, Direct Procedure 
     With the natural frequencies calculated in the natural frequency extraction 
procedure, a steady state analysis procedure can be applied over a frequency range of 
interest. The two steps are:                          
1. Initial step: default first step; 
2. Steady state dynamics, direct step: specify frequency ranges. 
     The total frequency range in the present work is 1-1000 Hz. The previously 
computed natural frequencies are used to divide the total frequency range into smaller 
regions between each natural frequency. As shown in Figure 3.8, the scale method is 
linear, the number of points between two natural frequencies is 8 and the bias is 2. 
Bias tends to evaluate frequencies at points closer to the ends of the intervals near the 





Figure 3.8: Steady state dynamics, direct step 
 
3.7   Postprocessing 
     From the field output in ABAQUS, the acoustic pressure (POR) and 
displacement for the nodes on the top surface of the sandwich structure in y direction 
U2 are collected. The POR is used for calculating the Sound Transmission Loss (STL) 
and the U2 is used for calculating the Root Mean Square Velocity RMSV  in the 
following chapters. Notice that when calculating the STL and the ,RMSV  a “srss” 





CHAPTER 4: MATLAB FINITE ELEMENT MODEL 
4.1   Generating the Honeycomb Sandwich Panels 
     To generate the honeycomb sandwich structure in MATLAB, eight important 
parameters are needed as shown in Table 4.1. The corresponding diagrammatic sketch 
for these parameters is shown in Figure 2.4.  
Table 4.1: Parameters for geometric properties  
m Number of the honeycomb cells in the longitudinal direction 
n Number of the honeycomb cells in the transverse direction 
h Vertical side length of the honeycomb cell 
l Bevel side length of the honeycomb cell 
θ  Internal angle of the honeycomb cell 
tf Thickness of the face sheet  
t In-plane thickness of the honeycomb cell walls 
b Out-of-plane thickness of the honeycomb panel 
      
     With these parameters, different kinds of honeycomb structures can be 
generated as shown in Figure 4.1. From left to right, these cells are respectively 
corresponding to the honeycomb structures with different internal angles. The two 
black lines are the face sheets and the blue structures are the honeycomb cores. 
     
     (30  )         (15  )          (0  )          (-15  )         (-30  ) 
Figure 4.1: Different kinds of single honeycomb cell 
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     By changing the values of m and n, honeycomb sandwich panels with arbitrary 
number of cells can be obtained. 
 
4.2   Mesh and Constraint 
     To mesh the honeycomb structure, a seed size S is specified. The seed size is 
used to determine the number of nodes and elements in the model. The seed size was 
selected to be small enough to ensure the accuracy of results. Figure 4.2 shows the 
finite element mesh of the honeycomb structure generated in MATLAB. The red 
markers in this figure represent the nodes.  
 
Figure 4.2: 30  honeycomb structure after mesh 
 
     Since the two sides of honeycomb sandwich panel are supported, the 
displacements of the nodes on the two sides should be set to 0 in both x direction and 
y direction. This boundary condition is consistent with the ABAQUS model.  
 
4.3   Input Parameters 
     To analyze the honeycomb sandwich panels, the input parameters to the 
MATLAB program are defined as shown in Table 4.2. ϕ  is the incident angle of 
pressure load and can be any angle from 0  to 90  . 
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Table 4.2: Other important parameters for MATLAB code 
ρ  Density of the honeycomb structure 
*E  Young’s modulus 
S Seed size 
ϕ  Incident angle of pressure load 
P  Magnitude of pressure 
 
     To build a complex modulus, a damping ratio η =0.01 has been used in 
calculating the Young's modulus that * (1 )E i Eη= +  [18].  
 
 















CHAPTER 5: NATURAL FREQUENCY ANALYSIS FOR 
HONEYCOMB SANDWICH PANELS 
5.1   Comparison of Natural Frequencies in MATLAB and ABAQUS 
     Table 5.1 shows a comparison of the first 10 natural frequencies calculated 
from both the MATLAB and ABAQUS for the 40 x 1 models with regular hexagonal 
honeycomb cells with 30  internal angle. Since the finite element model has a finite 
number of degrees-of-freedom, the higher natural frequencies have a tendency to lose 
accuracy. The results show the first 10 natural frequencies that are below 1000 Hz. 
Table 5.1: Deviations of natural frequencies for 40x1 cells, 30  structure  
  
Mode MATLAB ABAQUS Deviation 
1 63.41 63.81 0.64% 
2 131.21 132.06 0.65% 
3 208.36 209.71 0.64% 
4 286.58 288.43 0.64% 
5 365.58 367.94 0.64% 
6 444.92 447.79 0.64% 
7 524.90 528.29 0.64% 
8 605.50 609.41 0.64% 
9 686.83 691.26 0.64% 
10 761.11 765.83 0.62% 
   








Table 5.2: Deviations of the natural frequencies for 40x1, 15  structure  
Mode MATLAB ABAQUS Deviation 
1 50.030 50.324 0.59% 
2 102.31 102.92 0.59% 
3 161.04 162.01 0.60% 
4 220.77 222.09 0.59% 
5 281.77 283.42 0.58% 
6 343.54 345.49 0.57% 
7 406.08 408.31 0.55% 
8 469.21 471.71 0.53% 
9 532.93 535.69 0.52% 
10 597.21 600.20 0.50% 
 
     From the results shown in Table 5.2 for the honeycomb structure with 
15 internal angle, the deviations in natural frequencies are very small; less than 1%. 
     For the structure with 45  internal angle, the natural frequency results in 
MATLAB and ABAQUS also match each other very well as shown in Table 5.3. 
Table 5.3: Deviations of the natural frequencies for 40x1, 45  structure 
Mode MATLAB  ABAQUS Deviation 
1 84.640 84.879 0.28% 
2 186.01 186.85 0.45% 
3 303.98 305.61 0.54% 
4 427.26 429.85 0.61% 
5 552.09 555.73 0.66% 
6 676.48 681.22 0.70% 
7 763.46 761.28 0.29% 
8 800.05 805.89 0.73% 







     Table 5.1 to Table 5.3 show that results from the MATLAB model are very 
close to the solutions obtained from the ABAQUS model. In all cases, the deviation in 
natural frequencies is less than 1%. This small difference is reasonable since the beam 
element mesh is similar, but not identical, and the beam element B23 in ABAQUS 
while based on Bernoulli-Euler theory, may use slightly different element stiffness 
and mass matrices.  
 
5.2   Natural Frequencies for Different Honeycomb Beam Structures 
Table 5.4: Natural frequencies for orientation I 40x1 honeycomb structures 
Mode  -45°  -30°  -15°  0°  15°  30°  45° 
1 11.64 19.66 29.10 40.18 50.03 63.41 84.64 
2 23.58 39.69 59.13 82.28 102.31 131.21 186.01 
3 36.23 61.07 92.10 128.86 161.04 208.37 303.98 
4 49.68 83.36 126.22 176.36 220.77 286.59 427.26 
5 64.14 106.81 161.59 224.45 281.76 365.58 552.10 
6 79.75 131.42 197.81 272.78 343.54 444.92 676.49 
7 96.60 157.20 234.84 321.45 406.07 524.91 763.47 
8 114.73 184.11 272.55 370.50 469.20 605.51 800.06 
9 134.19 212.13 310.99 420.05 532.92 686.83 922.64 
10 154.99 241.26 350.17 470.16 597.20 761.12 1044.29 
  
     For completeness, Table 5.4 shows the natural frequencies computed from the 
MATLAB model for orientationⅠ40x1 structure with different internal angles. From 
the table, honeycomb structures with smaller internal angle have more natural 
frequencies among 1-1000 Hz and have smaller natural frequencies. For example, the 
honeycomb structure with﹣45  internal angle has 90 natural frequencies in the 
frequency range 1-1000 Hz (Not all are listed in the Table 5.4) and its first natural 
frequency is 11.64 Hz. While the honeycomb structure with 45  internal angle has 
only 9 natural frequencies in 0-1000 Hz and its first natural frequency is 84.64 Hz, the 
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highest first natural frequency of all the internal angles between﹣45  to 45  . A 
possible explanation is that with the mass kept fixed for all honeycomb structures 
considered, as shown in Table 2.1, the effective shear modulus properties decrease 
with decrease in unit cell internal angle, resulting in the frequencies being shifted 
lower. In later Chapters the relationship of the natural frequencies with the peak 
amplitudes in frequency response solutions will be discussed.  
Table 5.5: Natural frequencies for orientation I 80x2 honeycomb structures 
Mode  -45°  -30°  -15°  0°  15°  30°  45° 
1 10.30 17.43 25.71 35.79 45.95 59.85 82.03 
2 20.84 35.01 51.71 73.07 92.76 122.45 178.03 
3 31.96 53.43 79.58 114.10 144.69 193.31 289.21 
4 43.76 72.36 108.15 156.46 196.89 264.50 404.92 
5 56.47 92.07 137.81 200.06 250.02 335.91 521.95 
6 70.23 112.67 168.48 244.40 303.93 407.12 638.52 
7 85.18 134.28 200.23 289.35 358.86 478.46 754.40 
8 101.40 156.97 232.97 334.77 414.74 549.96 767.08 
9 118.98 180.81 266.71 380.68 471.63 621.78 869.46 
10 137.97 205.84 301.40 427.09 529.46 693.97 983.81 
 
     Table 5.5 shows the natural frequencies for 80x2 honeycomb structure with 
different internal angles. The 80x2 structures share the same property with 40x1 
structures that the honeycomb structure with smaller internal angle has more natural 
frequencies and a smaller first natural frequency. Comparing Table 5.5 with Table 5.4, 
the 80x2 structure has more natural frequencies in frequency range 1-1000 Hz and a 
smaller first natural frequency than the 40x1 structure when they have the same 
internal angle. 
     Table 5.6 shows the natural frequencies for orientation II, 40x3 honeycomb 
structure with different internal angles. The natural frequencies of orientation II 40x3 
structures have the same trends as natural frequencies of orientation I structures. 
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Honeycomb structures with smaller internal angle have more natural frequencies 
among 1-1000 Hz and have a smaller first natural frequency. 
Table 5.6: Natural frequencies for orientation II 40x3 honeycomb structures 
Mode  -45°  -30°  -15°  0°  15°  30°  45° 
1 11.51 18.69 26.83 35.65 45.65 58.80 80.74 
2 23.22 37.43 53.57 71.13 91.40 119.46 173.32 
3 35.47 56.92 81.80 109.43 142.00 188.03 279.98 
4 48.31 76.69 109.98 147.39 192.09 256.55 390.13 
5 61.95 96.97 138.51 185.54 242.20 324.88 500.58 
6 76.52 117.85 167.38 223.79 292.09 392.52 609.45 
7 92.15 139.46 196.75 262.31 342.01 459.70 716.37 
8 108.95 161.90 226.66 301.14 391.93 526.35 776.70 
9 126.99 185.25 257.22 340.37 441.95 592.55 821.02 
10 146.34 209.59 288.48 380.04 492.08 658.26 923.30 
 
5.3   Mode Shape 
     Figure 5.1 shows the mode shapes for the honeycomb structure with 
30  internal angle, corresponding to regular hexagonal unit cell structures. For the nth 
natural frequency, the honeycomb beam has n maximum and minimum amplitudes in 











             
                            
    
 
  
            
 
             
 
 
    
 
        
 




Figure 5.1: First ten mode shapes of 40x1, 30  honeycomb structure 
 
 
First Natural Frequency 
63.4 Hz 
 
Third Natural Frequency 
208.3 Hz 
 
5th Natural Frequency 
365.5 Hz 
 
8th Natural Frequency 
605.5 Hz 
 
9th Natural Frequency 
686.8 Hz 
 
Second Natural Frequency 
131.2 Hz 
 
7th Natural Frequency 
524.9 Hz 
 
6th Natural Frequency 
444.9 Hz 
 
4th Natural Frequency 
286.5 Hz 
 





CHAPTER 6: SANDWICH PANELS SUBJECT TO PLANE WAVE OF 
VARIOUS INCIDENT ANGLES 
6.1   Pressure Load at Various Incident Angles 
     In previous research, the pressure loads applied on the bottom face of 
honeycomb sandwich beams were all at a zero incident angles [17, 18]. In the present 
work, the acoustic properties of sandwich beams with pressure loads from 
time-harmonic incident sound plane-waves waves at different angles are studied.  
     As shown in Figure 6.1, x﹣y coordinate is the global coordinate with origin at 
the left boundary point of the bottom face sheet, ϕ  is the incident angle for the 
plane-wave and can vary between﹣90  to 90  . 
 
Figure 6.1: Pressure load at various incident angles 
 
     The wavelength λ  measures the spatial period between maximum values in 
the time-harmonic acoustic plane wave: 
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                         2
k
πλ =                            (6.1)    
where k  is the wavenumber of the incident wave defined by:   
                          k
c
ω
=                                   (6.2)  
ω  is the frequency in rad/sec, and c  is the speed of sound in air.   
     The acoustic pressure field ( , , )p x y t  satisfies the scalar wave equation:  
                    
2 2 2
2 2 2 2
( , , ) ( , , ) 1 ( , , ) 0p x y t p x y t p x y t




                (6.3) 
     For time-harmonic solutions, the time-dependence is periodic and can be 
expressed as:  
                               ( , , ) ( , ) i tp x y t P x y e ω−=                            (6.4) 
where ( , )P x y  is the complex-valued spatial pressure amplitude. Substituting (6.4) 
into (6.3) gives: 
                    
2 2 2
2 2 2
( , ) ( , ) ( , ) 0i tP x y P x y P x y e
x y c
ωω − ∂ ∂+ + = ∂ ∂ 
             (6.5) 
     Since steady-state solutions are assumed, the pressure amplitude must satisfy the 
reduced equation: 
                    
22 2
2 2
( , ) ( , ) ( , ) 0P x y P x y P x y
x y c
ω ∂ ∂  + + =   ∂ ∂   
                 (6.6) 
     Equation (6.6) is called the Helmholtz equation and can be expressed as: 
                               2 2( ) ( , ) 0k P x y∇ + =                              (6.7) 
    Based on Equation (6.7), the incident pressure is assumed as a plane traveling 
wave of the form:  
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                           ( )i k rP P e ⋅=
 
                          (6.8) 
where P  is the magnitude of the incident pressure, 1i = −  is the imaginary unit, 
and k

 is a wave vector expressed in Cartesian components: 
                        ( )ˆ ˆsin cosk k i jϕ ϕ= +

                       (6.9) 
and r  is the global position vector: 
                            ˆ ˆr xi yj= +                            (6.10) 
     Taking the dot product of the two vectors:   
                      sin cosk r kx kyϕ ϕ⋅ = +
 
                      (6.11) 
we can write (6.8) as:  
                  sin co) s, )(( kx kyiP x y P e ϕ ϕ= +                    (6.12) 
Equation (6.8) and (6.12) satisfy the Helmholtz equation (6.7). 
     On the bottom face sheet, the coordinate y is zero, and the pressure is: 




ik xikxP x y P e P eϕ
=
= =                     (6.13) 
where sinxk k ϕ= . Equation (6.13) can also be written in another form:                     
               ( ) ( )0| (cos sin sin( sin ))yP x P kx i kxϕ ϕ= = +               (6.14) 
where /k cω= . From Equation (6.14), pressure load on the bottom face sheet is 
complex valued, with a sinusoidal distribution along the x . Both the real and 
imaginary parts depend on frequency ω  and incident angleϕ . When the incident 
angle ϕ  is zero, the pressure of every point on the bottom face sheet equals to a 
constant real value: 
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                    ( ) ,  0P x P x L= ≤ ≤                       (6.15) 
 
6.2   Element Nodal Forces and Moments  
     The distributed pressure in Equation (6.14) is applied along each beam element 
on the bottom face sheet of the honeycomb sandwich structure. Using the principle of 
work, the element nodal forces and moments due to the distributed pressure can be 
determined.  
       
Figure 6.2: Bernoulli-beam element with pressure load 
     As shown in Figure 6.2, x-y coordinate is the global coordinate, and 
x - y coordinate is the local element coordinate. (x1, y1) and (x2, y2) are the global 
positions of the start point and end point of the element. For a point on the element, 
the relationship between its global abscissa x and its local abscissa x  is: 
1x x x= −                              (6.16) 
     The length of this element is: 
                      2 22 1 2 1( ) ( )eL x x y y= − + −                       (6.17) 
     In finite element analysis, the equivalent nodal force vector due to the 

































= ∫F N               (6.18) 
     In Equation (6.18), T ( )xN  are the shape functions used to approximate the 
vertical deflection, and ( )P x  is the non-uniform, complex value pressure load which 
depends on global abscissa x , frequency ω  and incident angle ϕ . Using numerical 
quadrature, the integration in (6.18) can be computed from:  
                      T T
10




x P x dx x P x w
=
≈∑∫ N N            (6.19) 
where T ( )gkxN  is the shape function evaluated at the gkx  Gauss point locations 
defined with the local element coordinate:  
                                1gk gkx x x= −                            (6.20) 
     The Bernoulli beam element uses a cubic polynomial to approximate the 
vertical deflection. For the case of a constant uniform pressure, the highest order 
polynomial in the integration is cubic, and thus 2 Gauss quadrature points would give 
exact integration. In the case of non-zero incident angles, the pressure is a sinusoidal 
distribution and depends on frequency. For the frequency range used in the present 
study up to 1000 Hz, four Gauss points, ng = 4, is required to integrate accurately.     
For a point on the element, its global abscissa gkx  can be expressed in terms of 
natural coordinates as: 
1 2
1 1(1 ) (1 )
2 2gk gk gk








Lx xx ξ+= +                     (6.22) 





Lx ξ= +                        (6.23) 
     In natural coordinates, the 4 Gauss quadrature points are:  





= − +  
 






= − −  
 
                     (6.25) 





= −  
 
                      (6.26) 





= +  
 
                      (6.27) 
with corresponding weight values kw : 
( )1 1 18 302 36
eLw  = − 
 
                    (6.28) 
( )2 1 18 302 36
eLw  = + 
 
                    (6.29)            
( )3 1 18 302 36
eLw  = + 
 
                    (6.30) 
 ( )4 1 18 302 36
eLw  = − 
 
                    (6.31) 
     The cubic shape function array evaluated at the Gauss points is: 
             1 2 3 4) [ ( ) ( ) ( ) ( )]gk gk gk gk gkx N x N x N x N x=N(            (6.32) 
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where:                          
                    
2 3







   
= − +   
   
                  (6.33) 
           
2 3







    
 = − +        
             (6.34) 
                   
2 3







   
= −   
   
                     (6.35) 









    
 = − +        
                  (6.36)   
 
6.3   MATLAB Code for Element Force Vector from Pressure Loading 
     In the following, the MATLAB code written to perform the numerical 
integration required to calculate the beam element nodal forces and moments from the 
distributed pressure due to incident plane waves at arbitrary angle ϕ  is:  
% Loop every element on the bottom face to calculate the local nodal force vector due to 
distributed pressure 
for ee=1: size(bottom_face)  
    e=bottom_face(ee); % Get element number on bottom face 
    % Get the element length  
    x1 = nodes(elements(e,1),1);  x2 = nodes(elements(e,2),1); 
y1 = nodes(elements(e,1),2);  y2 = nodes(elements(e,2),2); 
    Length=sqrt((x2﹣x1)^2 + (y2﹣y1)^2) 
    % Define the start point and end point of the element in local coordinate 
    start_x=0;    end_x=Length; 
    % Define the local force vector for beam element 
    F_Local=zeros(4,1); 
        % Loop over Gauss integration points  
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        for n=1:4  % Use four Gauss points for each element 
        x_global=0; 
        % Get the Gauss points and weights 
        [gauss_x,gauss_w]=GaussPoints1D(start_x, end_x, 4); 
        % Define global x=x1+gauss_x 
        x_global=nodes(elements(e,1),1) + gauss_x(n); 
        % Get beam shape function 
        [N,~,~]=beam_shape1D(gauss_x(n),Length); 
        % calculate the local matrix 





6.4   Pressure Load Distribution 
     In the following, the acoustic pressure load distribution applied on the bottom 
face sheet is plotted for different frequency values. From Equation (6.15), the pressure 
on the bottom face sheet is constant when the incident angle is 0  , so this situation is 
not shown here. 
     Figure 6.3 to Figure 6.7 shows the real Re(P(x)), and imaginary Im(P(x)) parts 
of the incident pressure load distribution along the bottom surface defined by 
Equation (6.14). The function is evaluated at frequencies corresponding to the first 
five natural frequencies of the honeycomb structure with unit cell orientation I, 40x1 
cells, and 30  internal angle. Comparisons are made for incident angles of 15  , 30  , 
and 45  . The component of the acoustic wavelength for the incident pressure along 
the x-direction is defined in terms of the frequency c kω =  and incident angle ϕ :   
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= = =                   (6.37) 
     With increase of frequency or increase of incident angle, the acoustic 
wavelength component xλ  decreases. The plots of the pressure function shown in 
Figure 6.3 to Figure 6.7 are consistent with this equation. For example, in Figure 6.7, 
for frequency of 365.5 Hz, and incident angle 45  , the acoustic wavelength xλ =1.32.  
This wavelength can be seen in the plot, from the distance between two maximum 
amplitudes. For an incident angle of 0 degrees, the wavenumber component 
sin(0 ) 0xk k= =
 , representing an infinite acoustic wavelength, resulting in uniform 
pressure. 




















Figure 6.3: Pressure load along x axes with 15  , 30  and 45   
incident angle at 63.4 Hz 
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Figure 6.4: Pressure load along x axes with 15  , 30  and 45   
incident angle at 131.2 Hz 
























Figure 6.5: Pressure load along x axes with 15  , 30  and 45   
incident angle at 208.3 Hz 
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Figure 6.6: Pressure load along x axes with 15  , 30  and 45   
incident angle at 286.5 Hz 
 
























Figure 6.7: Pressure load along x axes with 15  , 30  and 45   
incident angle at 365.5 Hz 
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6.5   Direct Steady State Frequency Response 
     In this section, the magnitude of the complex-valued vertical deflection on the 
top surface of the honeycomb sandwich structure is plotted for a direct steady-state 
analysis over a frequency range 1-1000 Hz.  
    Figure 6.8: Degrees of freedom 
 
     The Bernoulli-beam element has three degrees of freedom for each node as 
shown in Figure 6.8. 1u  is the displacement of node 1 along the x axes, 2v  is the 
displacement of node 1 along the y axes, 1θ  is the rotational displacement. The 
degrees of freedom for an element can be organized as: 
                       1 1 1 2 2 2[      ]
Tu v u vθ θ=eD                     (6.38) 
     Using element node connectivity information and transformation matrices to 
rotate the beam elements in the frame-like honeycomb structure to a common global 
coordinate system, the element stiffness and mass matrices can be assembled to form 
global K  and M  matrices [18]. Similar transformation matrices and element node 
connectivity data can be used to assemble the local element load array ( )e ωF  given 
in Equation (6.18), (Matlab implementation in Section 6.3), into the global force 
vector ( )ωF . The resulting matrix problem for steady-state frequency response 
analysis is: 
1v  





                2( ) ( ) ( )ω ω ω− =K M D F                     (6.39) 
where ( )ωD  is the frequency dependent global displacement solution array. Recall 
that for nonzero incident angle the pressure loading is complex valued and frequency 
dependent. As a result, ( )ωF , and the displacement solution ( )ωD will be complex 
valued and frequency dependent. In the special case of 0  incident angle, the force is 
real valued but the displacement solution is still complex valued due to the complex 
Young's modulus * (1 0.01)E i E= + . In the following, the frequency is varied over the 
range from 1 to 1000 Hz.  
     Of interest is the vertical displacement component ( )v x on the top surface of 
the honeycomb structure. For a linear, coupled structural-acoustic analysis, the 
vertical velocity component of the elastic structure is related to the acoustic pressure 
gradient normal to the interacting surface. For time-harmonic solutions, the velocity is 
related to the displacement by the frequencyω . 
     Figure 6.9 shows the magnitude of the vertical displacement of every node on 
the top face sheet driven at the first three odd natural frequencies of this structure; 
each marker represents a node. The displacement curves are standing waves due to the 
time-harmonic pressure loads driven at frequencies corresponding to the natural 
frequencies of the honeycomb structure. The results show that for the curves at nth 
odd natural frequency, there are exactly n maximums. These maximums are equally 
distributed and nearly have the same magnitude about 0.75 m. Since each curve has 
similar magnitude, the root mean square intensities at resonance (natural) frequencies 
will be similar.  
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Figure 6.9: Displacement of top face sheet of honeycomb beam with 30  internal 
angle and 0  incident angle at odd natural frequencies 
 






















Figure 6.10: Displacement of top face sheet of honeycomb beam with 30  internal 
angle and 0  incident angle at even natural frequencies 
 
     Figure 6.10 shows the displacement of every node on the top face sheet at first 
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three even numbered natural frequencies. For the curve at nth even natural frequency, 
there are only n/2 maximums. These maximums are also equally distributed and have 
the same magnitude about 0.75 m. For the curve of displacement at 6th natural 
frequency, there are three small peaks which are about 0.15 m.  






















Figure 6.11: Displacement of top face sheet of honeycomb beam with 30  internal 
angle and 0  incident angle at higher natural frequencies 
 
     To research the displacement of every node on the top face sheet at higher 
natural frequencies, data has been collected and shown in Figure 6.11. The results are 
similar to that found from Figure 6.9 and Figure 6.10.  
     In conclusion, there are some characteristics for the displacement curves of 
honeycomb beam with 30  internal angle and 0  incident angle. First, for the nth odd 
natural frequency, the displacement curve at this frequency has n maximums, while 
there are n/2 maximums at the nth even natural frequency. Second, the maximums of 
all curves are equally distributed and share a similar magnitude 0.75 m.  
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Figure 6.12: Displacement of top face sheet of honeycomb beam with 30  internal 
angle and 30  incident angle at odd natural frequencies 
 
     Figure 6.12 shows the displacement of every node on the top face sheet with 
30  incident angle at first three odd natural frequencies. For the curve at nth odd 
natural frequency, there are exactly n peaks. These peaks are equally distributed and 
have a very close magnitude for the same curve, and even different curves have very 
similar peak values.  
     Figure 6.13 shows the displacement of every node on the top face sheet with 
30  incident angle at first three even natural frequencies. Different form the 
honeycomb structure with 0  incident angle, for the displacement curve at nth even 
natural frequency, there are exactly n peaks. Other characteristics are same as the 


























Figure 6.13: Displacement of top face sheet of honeycomb beam with 30  internal 
angle and 30  incident angle at even natural frequencies 
 






















Figure 6.14: Displacement of top face sheet of honeycomb beam with 30  internal 




     In conclusion, there are some common characteristics for the displacement of 
face sheet of honeycomb structure with 30  internal angle and 30  incident angle at 
different natural frequencies. First, for the nth natural frequency, the curve of the 
displacement at this frequency has exactly n peaks. This pattern is found for both even 
and odd numbered natural frequencies. This is in contrast to the 0   incident angle 
where the even numbered natural frequencies has n/2 peaks. Later in Section 6.7 it is 
shown that for 0  incident angle, the even numbered natural frequencies do not have 
resonant peaks in the root mean square intensity, while for all nonzero incident angles, 
resonant peaks occur at both even and odd natural frequencies. Second, the peaks of 
all curves are equally distributed and share a similar magnitude at different natural 
frequencies. Third, there is one trough between two peaks, and the values of these 
troughs are all very small and close to 0. Finally we observe that the wavelength 
between peaks of the standing waves in the displacement magnitudes on top surface 
of the honeycomb structure, are significantly smaller than the acoustic wavelengths of 
the propagating incident pressure loads discussed earlier in Section 6.4.  
 
6.6   Steady State Beam Shapes at Natural Frequencies 
     In this section, the deformed geometry of the different honeycomb structures is 
shown at frequencies corresponding to the natural frequencies of the honeycomb 
structure. The geometry is scaled from the maximum displacement for the each 
individual structure and frequency.      
     Figure 6.15 shows the steady state beam shapes of honeycomb structure with 
30  internal angle driven by pressure loads at 0  at the first nine natural frequencies. 
For an odd natural frequency number n, there are n maximum and minimum points of 
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the deformed beam. For an even natural frequency number n, there are n+1 maximum 
and minimum points except at 4th natural frequency. At the first two natural 
frequencies, there is very little deformation of the honeycomb. With the increase of 
natural frequency, the vibration of honeycomb comb is more and more intense. 
             
            
   
  
             
              
    
        
       
Figure 6.15: Steady state beam shape of (40x1) structure with 30  internal angle 






























                           
                          
                     
                       
                        
                        
                         
                             
 
Figure 6.16: Comparison between steady state beam shapes of 40x1 30  structure 
in MATLAB and ABAQUS 



















     In Figure 6.16, steady state beam shapes of 40x1 honeycomb structure with 
30  internal angle and 0  incident angle at different natural frequencies in both 
MATLAB and ABAQUS have been compared to ensure the results from the 
MATLAB are correct. From the comparison, the results match each other very well.    
     Figure 6.17 shows the steady state beam shapes of honeycomb structure with 
30  internal angle and 30  incident angle. For the beam shape at natural frequency n, it 
has n maximum and minimum points on the deformed beam. At the first two natural 
frequencies, the deformation of the honeycomb core is small and each honeycomb 
core can be clearly identified. There is a tendency that the honeycomb core vibrates 
stronger with the increase of the natural frequency. At higher natural frequencies, the 















                 
 
  
   
   
 
 
          
Figure 6.17: Steady state beam shape of 40x1 structure with 30  internal angle 
and 30  incident angle 
Frequency 63.3 Hz  
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     Figure 6.18 shows the steady state beam shapes of honeycomb structure with 
-30  internal angle and 30  incident angle. Since there are 38 natural frequencies in 
the frequency range 1-1000 Hz, only a selection of five specific natural frequencies 
are shown. At nth natural frequency, there are n maximum and minimum points on the 
beam. Like previous beams, the vibration of﹣30  honeycomb core is also more 
intense with the increase of frequency.  
 
   
 
 
Figure 6.18: Steady state mode shape of 40x1 structure with 
﹣30  internal angle and 30  incident angle 
 
 
First Natural Frequency 
19.7 Hz 
 
5th Natural Frequency 
106.8 Hz 
 
10th Natural Frequency 
241.3 Hz 
 
15th Natural Frequency  
403.6 Hz 
 





6.7   Intensity of Root Mean Square Velocity 
     Root Mean Square Velocity RMSV  is a very important parameter to describe 
the vibration. It can reflect the energy of motion and vibration of the structure. It can 
be expressed as [20]:  














=  + 
∑                  (6.40) 
where eN  is the number of elements on the top face, yu  is the displacement of each 
node along the y axes.                        
     For convenience, RMSV  can be transferred in the form of intensity RMSI  in dB 
scale: 





= ×   
 
                   (6.41) 
     The reference value 85 10 m/sRefV
−= ×  is selected to match [18].  

























Figure 6.19: RMSI  of 40x1 structure with 30
 internal angle and 0  incident angle 
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     The RMSI  of honeycomb structure with pressure load at 0
 incident angle is 
shown in Figure 6.19. For the first ten natural frequencies, there are only 5 resonance 
peaks which are corresponding to the odd natural frequencies computed earlier. For 
the odd natural frequencies, the corresponding mode shapes have a different number 
of positive and negative regions.  For the even natural frequencies, resonant peaks do 
not occur, and the corresponding mode shapes have the same number of positive and 
negative regions.  When the incident load is at 0o angle, the loading is uniformly 
distributed, and due to symmetry about the centerline of the honeycomb beam, the is a 
cancellation effect of the positive and negative regions for the even numbered modes.  
     Figure 6.20 shows the RMSI  of honeycomb structure with pressure load at 
30  incident angle. From this figure, there are 11 peaks between frequencies 1 Hz to 
1000 Hz. In contrast to the zero degree incident angle, for this nonzero incident angle, 
there is a peak corresponding to every natural frequency except the 7th natural 
frequency. Due to the resonance, the beam vibrates stronger at these natural 
frequencies than at other frequencies. Between each two peaks, the RMSI  decreases to 
a certain lower level and then rebounds to next peak. In general, there is a tendency 
that the RMSI  of each peak decreases with the frequency. However, at some specific 
frequency ranges like from mode 3 to mode 5, the RMSI  of these three peaks 
increases with the frequency. Thus if the beam is under nonzero incident angle 
pressure load, the resonance at these natural frequencies will not necessarily decrease 
with the natural frequency, while it happens when honeycomb beam is under 
0  incident angle pressure as shown in Figure 6.19. 
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Figure 6.20: RMSI  of 40x1 structure with 30
 internal angle  
and 30  incident angle 
 






















Figure 6.21: RMSI  of 40x1 structures with positive internal angles  
and 30  incident angle 
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    The RMSI  of honeycomb sandwich panel with 15
 , 30  , 45   internal angle and 
30  incident angle are shown in Figure 6.21. Within the range from 0 to 1000 Hz, the 
curves of RMSI  of sandwich panel with 15
 and 30  internal angle have 15 and 11 
peaks respectively, while the curve of RMSI  of sandwich panel with 45
 internal angle 
has only 8 peaks. These results show that with the same incident angle, the smaller the 
internal angle is, the more peaks the RMSI  curve has. This is consistent with the fact 
that honeycomb sandwich panel has more natural frequencies for the same frequency 
range when it has a smaller positive angle as shown earlier in Table 5.4. In addition, 
for the smaller the internal angle, the natural frequencies are lower, and the peaks shift 
lower. As discussed earlier, the shift in natural frequencies can be explained by the 
fact that the effective shear modulus properties for the honeycomb core decreases 
with smaller unit cell angle. For the same mass, a reduction in modulus results in a 
reduction in stiffness, from which it follows that the natural frequencies decrease.   
     Though the peak amplitudes of RMSI  curves have a tendency to decrease with 
the raise of the frequency, there are some specific peaks which are much lower than 
their neighboring peaks. 
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Figure 6.22: RMSI  of 40x1 structures with negative internal angles  
and 30  incident angle 
 
     As shown in Figure 6.22, there are more peaks for each curve comparing with 
curves in Figure 6.21. For the curve for﹣30  internal angle, it tends to increase with 
frequency after 800 Hz. For the curve for ﹣45  internal angle, it tends to become 
gentle curve without peaks after 700 Hz. For the curve for -15  internal angle, it has a 
tendency to decrease with frequency. This indicates that the RMSI  tends to be 
irregular at high frequencies. 
     Figure 6.23 shows a zoom in view of Figure 6.22 at 0-200 Hz. For these RMSI  
curves of honeycomb structures with negative internal angles, the smaller internal 
angle is the lower frequency the first peak occurs. There are also more peaks in a 
same frequency range if the internal angle is smaller. This is because smaller internal 
angle structure has more natural frequencies in a same frequency range. 
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Figure 6.23: Figure 6.22 at 0-200 Hz  
 























Figure 6.24: RMSI  of 40x1 structures with different internal angles 
and 30  incident angle  
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     Figure 6.24 compares the RMSI  of ﹣30
 , 0  , 30  internal angle structures in 
the frequency range 1-500 Hz. The RMSI  curve of﹣30
 internal angle has the most 
peaks and has its first peak occurred at the lowest frequency, while the RMSI  curve of 
30  internal angle has the least peaks and has its first peak occurred at the highest 
frequency. Correspondingly, the interval between each two peaks of RMSI  curve of 
﹣30  internal angle curve is smaller than the other two curves.  
     From Figure 6.20 to Figure 6.24, two conclusions can be made for the RMSI  
curves of honeycomb structure with an internal angle from﹣45  to 45   and with the 
same incident angle. Firstly, the smaller internal angle is the lower frequency the first 
peak of RMSI  curve occurs. Secondly, there are more peaks of RMSI  curve with a 
smaller internal angle.    























Figure 6.25: RMSI  of two different size structures with 30
 internal angle 




     Figure 6.25 shows the RMSI  of different beam structures at 0-500 Hz. For a 
structure with more cells, the RMSI  curve has more peaks and has its first peak 
occurred at a lower frequency. The three curves all have a tendency to decrease with 
the frequency.  
     Because the pressure wave of negative incident angle and the pressure wave of 
positive incident angle are symmetric, they produce same RMSI  curves as shown in 
Figure 6.26. Since the negative incidence are symmetric with the positive angles, in 
the following, only pressure loads with positive incident angles are considered. 





















    Figure 6.26: RMSI  of 40x1 30
 structure with 30  and﹣30  incident angle 
 
     Figure 6.27 shows the RMSI  of 40x1 30
 structure with different incident 
angles. Since same structure is used, the peaks of different curves occur at same 
natural frequencies. With the increase of frequency, the RMSI  has a tendency to 
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decrease. For curves of incident angle 20  , 40   and 60  , there are certain peaks 
which are much lower than their neighboring peaks. The RMSI  curve with a larger 
incident angle is higher than the RMSI  curve with a smaller incident angle, especially 
at higher frequencies.   























     Figure 6.27: RMSI  of 40x1 30




























Figure 6.28: RMSI  of 40x1﹣30
 structure with different incident angle 
 
 
     From Figure 6.28, there is also a tendency that RMSI  curves decrease with the 
frequency. But at higher frequency after 800 Hz, the trends of these curves tend to be 
irregular. Figure 6.29 gives the zoom in figure of Figure 6.28 at 0-200 Hz. 
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Figure 6.29: Figure 6.28 at 0-200 Hz 
 
6.8   Average Acoustic Response of Honeycomb Sandwich Beam      
     The incident angle of pressure load can be any value from 0  to 90  , to research 
the average incident angle behavior, 10  , 20  ,…,90  nine incident angles have been 
selected to calculate the average value.  
     In Figure 6.30, the average RMSI  of honeycomb with 30
 internal angle 
structure with different incident angles has been compared with the RMSI  under 
0  incident angle pressure load. The average curve has 12 peaks while the 0  curve has 
only 6 peaks, the reason is that the 30   honeycomb structure with 0  incident angle 
only has resonance occurred at the odd natural frequencies. Besides, the troughs of 
average incident angle curve are higher than the troughs of 0  curve. The two curves 
all have a tendency to decrease with frequency. 
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Figure 6.30: Average RMSI  of 40x1 30
 structure with different incident angle 
 






















Figure 6.31: Average RMSI  of 40x1 auxetic﹣30
 structure  
with different incident angle 
 
     Figure 6.31 shows the average RMSI  of﹣30
 honeycomb structure with 
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different incident angles and the RMSI  of same structure under 0
 incident angle 
pressure load. Like the characteristic shown in Figure 6.30, the average curve has 
more peaks than the 0  curve. After the 800 Hz, the average curve tends to increase 
with frequency, while the 0  incident angle curve always has a tendency to decrease 
with frequency. 
 
6.9   Areas under RMSI  curves 
     To better compare the RMSI  and acoustic properties of different honeycomb 
structures, areas under RMSI  curves have been collected. The stiffness area indicates 
the area under RMSI  curve from the 1 Hz to the first natural frequency, the resonance 
area calculated from the first natural frequency to 1000 Hz. As shown in Table 6.1, 
when honeycomb structures are under 0  incident angle pressure load, RMSI  curve of 
structure with the smallest internal angle (-45o) has the smallest stiffness area and 
total area. With a larger internal angle, the RMSI  curve tends to have a larger stiffness 
area. Under the same incident angle pressure load, the total area under RMSI  curve of 
honeycomb panel with positive internal angle is always larger than honeycomb panel 
with negative internal angle. The average total area from results between 45−  and 
45o occurs midway between results for the negative and positive internal angles. For 
the same internal angle honeycomb structure, sandwich panel with more cells (80x2) 





Table 6.1: Areas under RMSI  curves of honeycomb structures with  






area Total area 
-45° 
 
40x1 673.93 48796.80 49470.73 
-30° 
 
40x1 1090.49 49491.09 50581.58 
-15° 
 
40x1 1520.50 48744.90 50265.40 
15° 
 
40x1 2420.68 48471.40 50892.08 
30° 
 
40x1 3007.05 48589.56 51596.61 
45° 
 
40x1 3818.60 47325.56 51144.16 
Average Area for 40x1 
Structures 2088.542 48569.89 50658.43 
-30° 
 
80x2 964.95 48575.46 49540.41 
30° 
 
80x2 2817.02 47916.15 50733.17 
 
 
     Table 6.2 shows the areas under RMSI  curve of ﹣30° structure and 30° 
structure with different incident angles. The incident angles range from 0  to 80  with 
an increment of 10  . For the﹣30° honeycomb structure, with the increase of incident 
angle, the stiffness area consistently slowly decreases while the total area does not 
have a tendency to grow or decrease. For the 30° honeycomb structure, the stiffness 
area consistently decreases with the increase of incident angle; the same trend was 
found for the ﹣30° honeycomb structure. However, for the 30° honeycomb, the total 
area increases with increase in incident angle. The average total area over all incident 
angles is approximately the same as the result for 45° incident angle. When structures 
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are under the same incident angle pressure load, the RMSI  curve of 30° honeycomb 
structure always has a larger stiffness area and total area than the RMSI  curve of -30° 
honeycomb structure. 
Table 6.2: Areas under RMSI  curves of honeycomb structures with 
 different incident angles 















0° 1090.49 49491.09 50581.58 3007.05 48589.56 51596.61 
10° 1090.48 50229.47 51319.95 3006.63 49788.37 52795.00 
20° 1090.44 51313.52 52403.96 3005.43 50422.30 53427.73 
30° 1090.38 52427.46 53517.84 3003.57 50988.90 53992.47 
40° 1090.31 52087.09 53177.40 3001.29 52332.78 55334.07 
50° 1090.23 51785.14 52875.37 2998.86 53930.49 56929.35 
60° 1090.15 51829.67 52919.82 2996.56 55391.43 58387.99 
70° 1090.09 51811.39 52901.48 2994.69 57608.07 60602.76 
80° 1090.05 51920.43 53010.48 2993.47 59952.49 62945.96 








CHAPTER 7: COMPARING VIBRATION AND ACOUSTIC 
     CHARACTERISTICS OF SANDWICH PANELS 
7.1   Comparison of RMSI  in MATLAB and ABAQUS 
     To make sure the results of RMSI  in MATLAB are correct, results of RMSI  in 
ABAQUS have been also compared. The comparison is based on the honeycomb 
structure under 0  incident angle pressure load. 





















Figure 7.1: Comparison of the RMSI  for orientationⅠ40x1 30
 honeycomb     
structure in MATLAB and ABAQUS   
 
     Figure 7.1 shows the RMSI  of 30
 honeycomb structure in both MATLAB and 
ABAQUS. Notice that the peaks of two curves are very close at first, and then deviate 
slightly from each other, more and more, with the increase of frequency. This is 
because the standard deviation of natural frequencies becomes larger at higher 
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frequencies as discussed in Chapter 5. At first two peaks, the RMSI  curve from 
MATLAB is higher, while at rest peaks the RMSI  curve from ABAQUS is higher.    





















Figure 7.2: Comparison of the RMSI  for 40x1 15
 honeycomb structure 
 in MATLAB and ABAQUS  
  
     Figure 7.2 shows the RMSI  of 15
 honeycomb structure in MATLAB and 
ABAQUS. The deviation of peaks becomes larger with the increase of natural 
frequency, but overall agreement is still good. 
     Figure 7.3 shows the RMSI  of 45
 honeycomb structure in MATLAB and 
ABAQUS. The peaks are quite close at this situation, but the small deviation of 
curves at natural frequencies still exists. 
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Figure 7.3: Comparison of the RMSI  for orientationⅠ40x1 45
 honeycomb     
   structure in MATLAB and ABAQUS  
  























Figure 7.4: Comparison of the RMSI  for orientationⅠ40x1 auxetic  
﹣45  honeycomb structure in MATLAB and ABAQUS 
76 
 
     Figure 7.4 shows the RMSI  of﹣45
 honeycomb structure in MATLAB and 
ABAQUS. For this structure, the deviation of curves also exists due to the deviation 
of natural frequency. 
 
7.2   Comparison of RMSI  Based on Discrete and Integral Forms 
     In [18], the RMSV  was computed based on the integral equation:                          










∫                          (7.1) 
where the L is the length of top face,  and tt t tV i U V i Uω ω= = − , substitute tV  and 
tV  in the Equation (7.1): 










∫                         (7.2) 
where tU  is the displacement of the top face sheet in y axes. Calculate the integral 
over each element:  

















∑ ∑∫                 (7.3) 
where kju  is the displacement of nodes on the top face sheet in y axes. Same as 
before, RMSV  can be transferred in the form of intensity RMSI  with Equation (6.40). 
     From Figure 7.5 to Figure 7.8, RMSI  curves using RMSV  from Equation (7.3) 
and Equation (6.40) match each other quite well, but the RMSI  curve from (6.40), is 
always higher than the curve from (7.3). The differences reach their maximums at the 
troughs of curves.                          
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Figure 7.5: Comparison of RMSI  of the 30
 honeycomb structure with 0  incident 
angle from integral and discrete equation 






















Figure 7.6: Comparison of RMSI  of auxetic﹣30
 honeycomb structure with 
0  incident angle from integral and discrete equation 
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Figure 7.7: Comparison of RMSI  of the 30
 honeycomb structure with 30   
incident angle from integral and discrete equation 
 






















Figure 7.8: Comparison of RMSI  of auxetic﹣30
 honeycomb structure with 30   




7.3   Comparison between the RMSI  and STL 
     Sound transmission loss (STL) is used to investigate the ratio of incident 
pressure to transmitted pressure. There are many forms to express the STL, in this 
research a simple one is selected [17]: 










                       (7.4)    
                          2i nP N P= ×                           (7.5) 
where iP  is the incident pressure term, nN  is the number of nodes on the bottom 
face and P  is the magnitude of incident pressure. 
                        2 2 21 2t nP P P P= + + ⋅⋅⋅+                   (7.6) 
where tP  is the transmitted pressure term and equals to the square root of the sum of 
the squares of pressure for each node on the top face. 



















Figure 7.9: STL of the orientationⅠ40x1 honeycomb structure with  
30  internal angle and 0  incident angle   
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     From Figure 7.9, sound transmission loss is very small at the natural 
frequencies, indicating that the transmitted pressure is nearly the same as the incident 
pressure. Compare with the reverse RMSI  curve in Figure 7.10, the shape of two 
curves are very similar. Also, curves in Figure 7.11 and in Figure 7.12 show the same 
characteristic. These results show that RMSI  and STL can reflect the same acoustic 
properties. 
     At the natural frequencies, the structure has the largest RMSI  and the smallest 
STL. It can be explained that the stronger vibration correlates with the larger sound 
transmission. The RMSI  has a tendency to decrease and STL has a tendency to 
increase with the frequency.  





















Figure 7.10: Reverse RMSI  of the orientationⅠ40x1 honeycomb structure with  
30  internal angle and 0  incident angle  
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Figure 7.11: STL of the orientationⅠ40x1 honeycomb structure with  
15  internal angle and 0  incident angle   























Figure 7.12: Reverse RMSI  of the orientationⅠ40x1 honeycomb structure with  
15  internal angle and 0  incident angle  
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CHAPTER 8: CONCLUSION AND FUTURE WORK 
8.1   Conclusions 
     In this work, the vibration and acoustic characteristics of different honeycomb 
sandwich panels under various incident angle pressure loads were researched. Beam 
elements were used to build the honeycomb finite element model. Models were built 
in both MATLAB and ABAQUS to compare the results of natural frequencies, mode 
shapes, intensity of root mean square velocity ( RMSI ), and to compute the Sound 
Transmission Loss (STL) on the top surface of the honeycomb sandwich structure.  
     In Chapter 5, the natural frequency results show that results in MATLAB and 
ABAQUS closely match. In addition, honeycomb sandwich panel with a smaller 
internal angle has more natural frequencies within the 1-1000 Hz and has smaller nth 
natural frequency. With the same internal angle, honeycomb sandwich panel with 
more cells (80x2) also has a few more natural frequencies within the 1-1000 Hz and 
smaller nth natural frequency.   
     In Chapter 6, the real and imaginary part of the incident pressure distribution 
Re(P(x)), and Im(P(x)) vs. x along the top surface of the honeycomb structure has 
been studied at frequencies corresponding to natural frequencies. Some important 
observations regarding the incident pressure load are that with the increase of 
frequency, the wavelength decreases. Also, at the same frequency, for a pressure load 
with a larger incident angle, the wavelength is smaller.   
     It can be observed that the wavelengths of the standing wave between peaks of 
the displacement magnitudes on top surface of the honeycomb structure are 
significantly smaller than the acoustic wavelengths of the incident pressure loads. The 
peaks of all curves are equally distributed and share a similar magnitude at different 
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natural frequencies. In the case of nonzero incident angles, for the nth natural 
frequency, the curve of the displacement at this frequency has exactly n peaks. This 
pattern is found for both even and odd numbered natural frequencies. This is in 
contrast to the structure with 0   incident angle pressure load where at even numbered 
natural frequencies the displacement curves show only n/2 peaks.  
     It is shown that for 0  incident angle, the even numbered natural frequencies do 
not have resonant peaks in the RMSI  curves, while for all nonzero incident angles, 
resonant peaks occur at both even and odd natural frequencies. For honeycomb 
sandwich panel with a smaller internal angle, the RMSI  result shows more resonant 
peaks and has its first peak occurs at a smaller frequency. These results are consistent 
with the characteristics of natural frequencies in the interval 1 to 1000 Hz.   
     From the areas under RMSI  curve results several important conclusions can be 
made. For honeycomb sandwich panels with positive internal cell wall angle, on 
average, RMSI  for the structure with nonzero incident angles is larger than the 
structure with 0   incident angle. For the honeycomb sandwich panel with positive 
internal angle, the RMSI  area consistently increases with larger nonzero incident 
angle. Furthermore, under the same incident angle pressure load, the RMSI of 
honeycomb panel with positive internal angle is always larger than honeycomb panel 
with negative internal angle. 
     Chapter 7 has shown that the RMSI  results obtained from MATLAB closely 
match the results from ABAQUS. What’s more, the RMSI  measuring the vibration 
response of the structure can be shown to be correlated with the STL acoustic 
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properties. We observe that an increase in RMSI  corresponds to a decrease in STL.  
 
8.2   Future Work 
     In the present work, in order to isolate the effects of stiffness property changes 
with different unit cell geometries, honeycomb sandwich panels are studied under the 
constraint of constant mass. Another study could be carried out with constant effective 
shear modulus, and variable mass.  
     In future work, the wavelength between peaks of the displacement magnitudes 
on the top surface of the honeycomb structure can be compared for different 
honeycomb unit cell geometries to determine differences in effective wave speeds.  
     The pressure loads in this research are time-harmonic for steady-state dynamic 
analysis. The vibration and acoustic properties of honeycomb sandwich panel under 
time-dependent pressure loads can be examined in future research.  
     The RMSI  for different honeycomb structures under variable incident angle 
pressure loads has been computed using a MATLAB finite element program. The 
program could be extended to include acoustic elements and non-reflecting 
impedance conditions to model the structural-acoustic problem to simulate the sound 
transmission loss of honeycomb sandwich panel.  
     Experimental verifications for the vibration and acoustic properties of 
honeycomb sandwich panels predicted by the finite element models are needed to 
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